SUMMARY
Variation in the size, shape, and positioning of leaves as the major photosynthetic organs strongly impacts crop yield, and optimizing these aspects is a central aim of cereal breeding [1, 2] . Leaf growth in grasses is driven by cell proliferation and cell expansion in a basal growth zone [3] . Although several factors influencing final leaf size and shape have been identified from rice and maize [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , what limits grass leaf growth in the longitudinal or transverse directions during leaf development remains poorly understood. To identify factors involved in this process, we characterized the barley mutant broad leaf1 (blf1). Mutants form wider but slightly shorter leaves due to changes in the numbers of longitudinal cell files and of cells along the leaf length. These differences arise during primordia outgrowth because of more cell divisions in the width direction increasing the number of cell files. Positional cloning, analysis of independent alleles, and transgenic complementation confirm that BLF1 encodes a presumed transcriptional regulator of the INDETERMINATE DOMAIN family. In contrast to loss-of-function mutants, moderate overexpression of BLF1 decreases leaf width below wild-type levels. A functional BLF1-vYFP fusion protein expressed from the endogenous promoter shows a dynamic expression pattern in the shoot apical meristem and young leaf primordia. Thus, we propose that the BLF1 gene regulates barley leaf size by restricting cell proliferation in the leaf-width direction. Given the agronomic importance of canopy traits in cereals, identifying functionally different BLF1 alleles promises to allow for the generation of optimized cereal ideotypes.
RESULTS
The blf1-1 Mutation Causes Increased Leaf Width due to Altered Patterns of Cell Division in Outgrowing Leaf Primordia After initiation on the flank of the shoot apical meristem (SAM), grass leaf primordia encircle the meristem and start growing out by cell division throughout the primordium [3, 15, 16] . Cell division then ceases at the tip of the primordium and is only maintained in a basal division zone. This zone becomes subdivided by the formation of the ligule and auricle region that delimits the future blade and sheath; in both, cell divisions continue at the basal end. Cells that are displaced distally cease dividing and expand post-mitotically in the expansion zone. Cell differentiation occurs in the more-distal maturation zone. Cells in the division zone divide transversely to add to growth in length but also longitudinally, resulting in more cell files in the leaf-width direction [3] . Despite considerable recent progress [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , our understanding of leaf-growth control in grasses lags behind that for dicotyledonous species [17, 18] .
The broad leaf1-1 (blf1-1) mutation, originally named blf1.a, was induced by X-rays in the barley (Hordeum vulgare L.) cultivar Bonus [19] . Mutant blf1-1 plants form wider leaves compared to wild-type ( Figures 1A-1E ). This increase in width was observed in all leaf blades, including the flag leaf, and in palea and lemma (Table S1) ; by contrast, it was not pronounced in the leaf sheath (Table S1 ). Mutant grains were also slightly wider than wild-type grains (Table S1) .
To determine whether the observed increase in blade width is due to an increase in cell size or cell number, we counted epidermal cell files using cross sections of mature leaf blades ( Figures 1F and 1G ). The number of epidermal cell files was increased by 42%, correlating well with the overall increase in blade width (Table S1 ). The increase in leaf-blade width in the blf1 mutant is thus almost exclusively due to an increased number of cell files, without any apparent defects in cell patterning ( Figures 1F and 1G ), as bundle sheaths and stomata were similarly spaced and their numbers increased to a similar extent as epidermal cell files (Table S1 ). However, leaf thickness was decreased, particularly around the midrib in blf1-1 mutants ( Figure S1A ), resulting in a lower dry weight per leaf and a higher specific leaf area (Table S1 ).
Except for leaf 1, leaf length was reduced in blf1-1 (Figure S1B) , raising the question whether this is due to fewer cells along the leaf-length axis, running counter to the increase of cell number in width. To address this, we performed a kinematic analysis using epidermal imprints of the elongation zone of growing leaves at steady-state condition [20, 21] . The observed exponential cell elongation above the ligule ( Figure S1D ) indicated that, at the stage we analyzed, cell division in the blade has ceased; thus, our measurements consider elongation only. Different growth parameters were calculated from smoothed cell length profiles and the leaf elongation rate (LER) (Figures S1C-S1E; Table S1 ). Except for a somewhat reduced LER and relative elongation rate toward the distal end of the growth zone, growth parameters did not differ between wild-type and blf1-1 mutant plants. Growth zone size (L gz ), the number of cells in the elongation zone, and the cell flux (F) were indistinguishable between the two genotypes, indicating normal cell elongation kinetics (Table S1 ). In particular, as average mature cell size (l mat ) of blf1-1 leaf blades did not differ from Bonus, the reduced leaf length in the mutants is due to a reduction in cell number. Together, these findings indicate opposite effects on cell proliferation along the different axes of growth in blf1-1 mutants.
The observed differences in leaf size and shape could reflect a function of BLF1 in limiting leaf growth in width during primordium outgrowth or in affecting the number or distribution of founder cells in the incipient leaf primordium. To distinguish between these possibilities, we generated continuous series of transverse sections through the basal centimeter (cm) of embedded 7-day-old seedlings, containing the SAM and the youngest leaves (plastochron 1-6). This allowed us to reconstruct the SAM and youngest leaf primordia and extract their size profiles at the same time point (Figures 2B-2H , S2A, S2B, S2D, and S2E). Meristems in blf1-1 mutants were not larger than those in Bonus ( Figures 2H and S2C) . Similarly, plastochron 1 (P1)-P5 leaves did not show a significant size difference (Figures 2C-2G) . The increased leaf width of blf1-1 became apparent only within the lower half of the next older P6 leaf, corresponding to the fourth leaf of the plants with a length of several millimeters (mm); this resembled the shape of the mature leaf blade, with the most-pronounced increase in width in the lower half (Figures 2A and 2B ). Cell sizes were not significantly different between Bonus and blf1-1 in the analyzed young leaves (Table S1 ), indicating that the increase in leaf width up to the P6 stage and the divergence in leaf widths between Bonus and blf1-1 is due to cell proliferation not cell expansion. Analogous results were obtained by imaging cleared embryo apices from mature grains, confirming that the sizes of the SAM, P1, and P2 primordia were indistinguishable between the two genotypes ( Figures S2F-S2J ). Together, these observations indicate that the increase in leaf-blade width in the blf1-1 mutant is due to more longitudinal cell divisions during primordium outgrowth and not to an alteration in founder cell number or distribution.
BLF1 Encodes an IDD Protein
We crossed the original blf1-1 mutant in Bonus to Bowman wildtype and performed bulk segregant analysis on pooled blf1-1 mutant and wild-type plants from the F2 population. This indicated a position on chromosome 5HL between approximately 34 and 100 cM ( Figure S3A ). Further PCR-based mapping on 172 F2 and F3 plants localized the BLF1 locus close to a marker at 65 cM on chromosome 5HL ( Figure 3A ). As an X-ray-induced mutation, the blf1-1 phenotype is likely to be caused by a deletion. Therefore, we PCR amplified exonic fragments from all genes predicted to map in close proximity to our closest marker [22] . This identified a deletion strictly co-segregating with the blf1 phenotype ( Figure 3A ). We sequenced a minimum tiling path of BACs that represented the finger-printed BAC contig (FPC) containing the deletion and the two neighboring FPCs. Subsequent PCR testing confirmed the deletion of four predicted highconfidence genes and one low confidence gene in the blf1-1 mutant (Table S2) . One of the deleted high-confidence genes encodes an INDETERMINATE-DOMAIN (IDD)-containing protein (MLOC_57613) with homology to IDD14, IDD15, and IDD16 in Arabidopsis thaliana. These are involved in organ morphogenesis [23] , making the barley homolog a plausible candidate for the BLF1 gene. Screening an ethyl methanesulfonate (EMS)-mutagenized population of the barley cultivar Barke using TILLING [24] identified one line with a premature stop-codon (blf1-2) and one with a mutated splice-site (blf1-3) in MLOC_57613. Homozygous mutants for both of these independent alleles showed a blf1 phenotype ( Figures 3B and 3C) , with a similar increase in leaf-blade width as seen in blf1-1 ( Figure 3C ). The TILLING screen also identified two alleles with non-synonymous amino acid substitutions in MLOC_57613, both of which formed wider leaf blades ( Figures 3B and S3B ). In addition, PCR screening 17 lines with a broad leaf phenotype from the NordGen barley mutant collection (http://www.nordgen.org) and sequencing MLOC_57613 identified a further independent allele, blf1-6, that carries a partial deletion of the second intron and the third Figure S1 and Table S1 .
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exon ( Figure 3B ). Thus, multiple independent alleles with a broad leaf phenotype demonstrate that MLOC_57613 is BLF1. The predicted BLF1 protein is an IDD protein [25] with a nuclear localization signal, four zinc fingers, and a coiled-coil domain ( Figure 3B ). Phylogenetic analysis of IDD proteins from several mono-and dicotyledonous species with completely sequenced genomes indicated that BLF1 forms a distinct clade including the A. thaliana proteins IDD14, IDD15, and IDD16, as well as two proteins from maize and one each from sorghum, Brachypodium, rice, and wheat ( Figure S4 ).
Overexpression of BLF1 Decreases Leaf Width
We cloned a genomic BLF1-containing fragment of 5.3 kb including about 2 kb putative promoter region from Bonus genomic DNA. As the barley cultivar Bonus cannot be transformed efficiently, we introgressed the blf1-1 mutation into the readily transformable cultivar Golden Promise by two rounds of backcrossing. Homozygous blf1 mutants were selected from a BC 2 F 2 population and used for Agrobacterium-mediated transformation. We obtained several blf1-1 mutant plants containing the rescue construct, all of which showed a wild-type leaf phenotype ( Figure S3C ), but only three plants derived from two independently transformed calli were fertile, allowing a quantification of leaf width in T2 plants ( Figure 3E ). As the genetic background of these lines is likely to be slightly different with varying contributions from Bonus and Golden Promise, we used homozygous blf1 and wild-type plants from the same BC 2 F 2 population for comparison, as these will show the analogous background segregation. Of the two independent transformant lines, transgene-containing plants of family 1534 had 21% narrower leaves than non-transgenic blf1 mutant plants from this line, and these were even narrower than wild-type plants from the control BC 2 F 2 population. The leaves of transgene-containing plants from family 1535 were indistinguishable from those of wild-type plants from the control BC 2 F 2 population. However, the non-transgenic blf1 mutants in this family had wider leaves than blf1 mutants from the control population, Values are mean ± SEM from ten plants. See also Figure S2 and Table S1 .
and the transgene caused a 24% reduction in leaf width, a comparable effect to that in family 1534 and again stronger than the difference of 13% between blf1 mutant and wild-type plants from the control population. Measuring BLF1 expression levels in pooled wild-type plants of the control population and pooled transgenic plants of the two lines indicated that the transgene in both lines is expressed about 8-fold more strongly than the endogenous BLF1 gene ( Figure 3F) . Thus, the extent of leaf-width decrease by BLF1 correlates with its expression level, and moderate overexpression of BLF1, presumably in its endogenous expression domain, is sufficient to cause narrower leaves than in wild-type. Of note, leaves of these transgenic plants were indistinguishable from wild-type leaves in length. These results suggest that BLF1 dosage determines leaf width; however, the relation between BLF1 activity and leaf width is unlikely to be linear, as one functional copy of BLF1 is sufficient to maintain almost wild-type leaf width in heterozygous blf1 plants from segregating populations ( Figures 3C and S3B ).
BLF1 Is Expressed in the Shoot Meristem and Growing Leaves
In accordance to the kinematic results indicating that BLF1 acts during primordia outgrowth, we detected the highest BLF1 RNA expression in dissected SAMs with young P1-P6 leaf primordia (less than 5 mm in length; Figure 3D ). Expression declined in older leaf stages and was very weak in leaves that were more than 10 cm in length. To determine the pattern of BLF1 expression in more detail, we generated blf1-1 mutant lines expressing a BLF1-vYFP fusion protein from the endogenous BLF1 promoter used for the rescue experiment above. The construct rescued the blf1 mutant phenotype, again inducing a stronger decrease in leaf width compared to the wild-type allele in the background population ( Figure 3E ; lines 1547, 1548, and 1550), indicating the functionality and correct expression pattern of the fusion protein. Specific YFP fluorescence was detected in the nuclei of cells throughout the SAM (Figures 4A, 4C,  and 4D ). Expression appears to be partly downregulated in P1 primordia ( Figures 4C and 4D) . In P2 and P3 primordia, it is seen mainly in the epidermis and subepidermal cells close to the basal insertion site and toward the tip of P3 (Figures 4A-4C) . In older primordia (approximately P5/P6), expression was found throughout the epidermis, with higher levels in cells overlying prospective veins, and internally mainly in these future veins (Figures 4G-4I) . In developing inflorescence meristems, BLF1-vYFP expression resembled that of boundary genes, with high levels in the regions separating spikelet primordia ( Figures 4E and 4F) . Thus, BLF1 is expressed in the SAM and in the epidermis and prospective veins of leaf primordia before and around that time when the mutant phenotype becomes apparent, indicating that BLF1 acts in the developing primordia to limit their growth in width.
DISCUSSION
The wider but slightly shorter leaves formed by blf1 are caused by more longitudinal divisions that increase the number of cell files. Whereas blf1-1 mutant leaves are shorter in the Bonus background, this is likely to represent a more-indirect effect, as it is not seen in the backcross to Golden Promise nor does overexpression of BLF1 lead to longer leaves. Our results demonstrate that there is no difference in SAM size and in the width of young primordia before the P5 to P6 stage, indicating that the wider leaves in blf1 mutants are not due to an effect on founder cell recruitment in the meristem, as is the case for the maize NS1 and NS2 and the rice NAL2 and NAL3 genes [4, 5] ; rather, BLF1 acts during the outgrowth of leaf primordia to limit proliferation in the leaf-width direction. This is consistent with its expression in the epidermis and prospective veins of leaf primordia before and around the time when the phenotype first becomes visible. BLF1 expression is also found in the SAM; however, we did not detect any phenotypic alteration of the meristem in blf1 mutants, potentially due to only subtle effects or redundantly acting factors in the SAM. We note that, whereas the increased width of blf1 mutant leaves is due to more cell files, we can currently not distinguish whether BLF1 directly affects cell-cycle progression and cell division or acts more indirectly via another cellular process, such as ribosome biogenesis or cytoplasmic growth, that is a prerequisite for cell proliferation.
Phylogenetic analysis indicates that BLF1 has closely related homologs in maize, rice, and other cereals. Analyses in dissected maize leaves [26] suggest a similar expression pattern in proliferating tissue and thus potentially a conserved role in determining leaf shape.
The barley BLF1 protein is related to IDD14, IDD15, and IDD16 from A. thaliana. Double idd14 idd16 and triple idd14 idd15 idd16 mutants form leaves with a more-roundish shape and a reduced length-to-width ratio [23] , similar to the blf1 mutant phenotype. The mutant phenotypes appear milder in this dicotyledonous model than in barley, which may be linked to the different manner of leaf growth, with a localized basal proliferation zone with defined cell files in grasses as opposed to more-diffuse proliferation activity without clear cell files in A. thaliana leaves. IDD14, IDD15, and IDD16 influence auxin biosynthesis and transport; in particular, auxin synthesis is upregulated by these presumed transcriptional regulators and reduced auxin biosynthesis can suppress the IDD14 overexpression phenotype. The expression pattern of BLF1 resembles that of the three IDD genes in being associated with prospective veins, raising the possibility that BLF1 may similarly influence auxin transport [23] . At the phenotypic level, a striking parallel exists between barley blf1 mutants and loss-of-function mutants for the more distantly related IDD10/JACKDAW (JKD) protein from A. thaliana [27] . JKD prevents ectopic periclinal divisions in the ground tissue of the root. These ectopic divisions in jkd mutants result from a reorientation of the cell-division plane away from the direction that produces cells in the root-length direction and toward the orientation that increases the number of cells in transverse root sections. JKD binds to SHORT-ROOT (SHR) and SCARECROW (SCR), two key regulators of asymmetric ground-tissue cell divisions [27, 28] , both of which belong to the GRAS family of transcriptional regulators. Indeed, interactions with GRAS proteins may be a widespread mechanism of action of IDD proteins [29, 30] . Five IDD family members from A. thaliana bind to the GRAS-family DELLA proteins and SCARECROW-LIKE3 to fine-tune GA signaling. A possible influence of BLF1 on GA signaling by binding the barley DELLA protein SLENDER1 [31] provides a testable hypothesis for the molecular action of BLF1.
In conclusion, we have isolated the novel IDD family protein BLF1 in barley that limits leaf width by restricting cell proliferation during primordia outgrowth. Loss of BLF1 function and its overexpression have opposite effects, identifying BLF1 as a bona fide regulator of leaf width. Given the agronomic importance of leaf traits in cereals [1, 2] , functionally different BLF1 alleles represent a possible avenue for optimizing crop canopy architecture.
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